Purpose of Review Preeclampsia affects 3-4% of pregnancies with few treatment options to reduce maternal and fetal harm. Recent evidence that targeting the complement system may be an effective therapeutic strategy in prevention or treatment of preeclampsia will be reviewed. Recent Findings Studies in humans confirm the safety and efficacy of C5 blockade in complement-mediated disorders of pregnancy, including preeclampsia. Animal models mimic the placental abnormalities and/or the maternal symptoms which characterize preeclampsia. These models in mouse and rat have defined a role for complement and its regulators in placental dysfunction, hypertension, proteinuria, endothelial dysfunction, fetal growth restriction, and angiogenic imbalance, thus informing future human studies. Summary Targeting excessive complement activation, particularly the terminal complement complex (C5b-9) and C5a may be an effective strategy to prolong pregnancy in women with preeclampsia. Continued research is needed to identify the initiator(s) of activation, the pathways involved, and the key component(s) in the pathophysiology to allow development of safe and effective therapeutics to target complement without compromising its role in homeostasis and host defense.
Introduction
For the majority of women, a normal pregnancy just happens and the birth of the child erases all memory of morning sickness, swollen ankles, and frequent trips to the bathroom-the "normal." However, for almost one in ten pregnancies, hypertensive disorders arise to complicate the pregnancy [1] . Hypertensive disorders of pregnancy are classified as follows: (1) chronic hypertension prior to pregnancy, (2) gestational hypertension that arises after 20 weeks of pregnancy in the absence of systemic findings, (3) preeclampsia/eclampsia, and (4) chronic hypertension with superimposed preeclampsia [2] . Preeclampsia affects 3-4% of pregnancies and is a major cause of preterm birth with its adverse consequences [3] . In addition, problems persist after pregnancy as the risk of adverse cardiovascular events in mother and in offspring of preeclamptic pregnancies is increased [4] [5] [6] . Preeclampsia is historically known as a multisystem disorder manifested by onset of high blood pressure in the second half of pregnancy with proteinuria. However, a more recent and broader definition of preeclampsia has been adopted and precludes the necessity for proteinuria if the high blood pressure is accompanied by systemic findings including liver dysfunction, renal insufficiency, thrombocytopenia, pulmonary edema, or cerebral and visual disturbances [2] . HELLP syndrome is a form of severe preeclampsia characterized by hemolysis, elevated liver enzymes, and low platelet count [7] . Currently, the primary therapeutic goal in preeclampsia is to reduce blood pressure sufficiently to prevent the progression of systemic findings and prolong the pregnancy so fetal development is maximized. The only current "cure" for preeclampsia is delivery of the This article is part of the Topical Collection on Preeclampsia placenta. Substantial efforts are underway to encourage regular screening for preeclampsia for early identification of the disorder to minimize morbidity and mortality [8] .
In 2005, Redman proposed two stages of preeclampsia [9] and that model has persisted with modifications to guide our understanding of the disorder [10, 11] . In stage 1 of preeclampsia (preclinical) which occurs in the first half of pregnancy, defective placentation occurs resulting in placental ischemia and release of placental factors into the maternal circulation. In stage 2 of preeclampsia (clinical), the consequences of placental dysfunction become apparent. This model has been termed placental preeclampsia and is differentiated from maternal preeclampsia where an exaggerated maternal inflammatory response in the absence of placental dysfunction also leads to preeclampsia symptoms in the second half of pregnancy. The inflammatory response is amplified in women with underlying hypertension, obesity, or diabetes. These placental and maternal phenotypes of preeclampsia have been described clinically [12] . In either case, research is aimed at understanding the cause(s) of the defective placentation and placental ischemia or the exaggerated maternal inflammatory response with the goal of developing interventions to prevent such events so stage 2 of preeclampsia never occurs. The goal of the present review is to evaluate recent evidence delineating a role for the complement system in stages 1 and 2 of preeclampsia and determine if targeting the complement pathway may be effective in preventing or treating preeclampsia.
The Complement System
Complement is an ancient, evolutionarily conserved host defense system traditionally known for protecting against bacterial infection. Containing approximately 50 serum and membrane components, complement proteins form a serineprotease cascade leading to formation of the membrane attack complex pore and cell lysis. The serum components of the complement system are secreted in large quantities by the liver, but most other tissues also release complement components in local environments. Additional membrane-bound components regulate the response and prevent lysis of our own cells. Although important for host defense, complement also is critical in homeostasis, opsonization of apoptotic cells and debris, and priming the adaptive immune response; all of which may occur during pregnancy and may be unregulated in preeclampsia.
Complement Activation
Initiation of the complement cascade is divided into three traditional activation pathways, including antibody-mediated classical pathway, the lectin pathway, and the alternative (or tick over) pathway which also amplifies the classical and lectin pathways (Fig. 1) . All three pathways converge to cleave and activate C3 and C5 leading to a common terminal pathway and formation of the membrane attack complex or pore in the membrane. Cleavage of the common complement components, C3 and C5, releases the potent anaphylatoxins, C3a and C5a. Recent data indicates that these small cleavage products are critical components of an intracellular activation pathway as well [13••] .
The classical activation pathway is initiated by antibodies or C-reactive protein binding to cell surfaces and exposing a C1q binding site. C1q binding changes the conformation and activates the serine protease C1r which then cleaves and activates C1s. C1s cleaves C4 and C2 to form the C4bC2a complex, a C3 convertase. In a similar manner, mannose and other sugar molecules on pathogens are recognized and bound by mannose-binding lectin (MBL) or other ficolins which then activate lectin pathway serine proteases MASP-1 and MASP-2. Similar to C1r and C1s, MASP-1 and MASP-2 cleave C4 and C2 forming the C3 convertase, C4bC2a. The C3 convertase cleaves and activates C3 allowing C3b to bind C4bC2a and form the classical pathway C5 convertase, C4bC2aC3b. Using distinct proteins, the alternative pathway also forms a C3 and C5 convertase. Unlike the lectin and classical pathways, the alternative pathway is initiated by spontaneous hydrolysis of C3 to C3(H 2 O) which results in binding of Factor B followed by cleavage by Factor D to form the C3 convertase, C3bBb. Properdin (Factor P) stabilizes the convertase or may bind the cell surface and initiate the alternative pathway. Cleavage of C3 by the C3 convertase allows addition of C3b to form the C5 convertase, C3bBbC3b. Both C5 convertases (C4bC2aC3b and C3bBbC3b) cleave C5 to C5b and initiate the common terminal pathway of complement activation. In the terminal pathway, C5b binds to the membrane in conjunction with C6 and C7, allowing insertion of C8 into the lipid membrane. The C5b-8 complex recruits multiple C9 molecules which polymerize and form a pore in the membrane.
Activation of the complement cascade is characterized by enzymatic amplification with both C4b and C3b covalently binding to targets via thioester bonds in multiple distinct locations. The formation of a single classical pathway C3 convertase (C4bC2a), covalently bound to its target by the C4b component, cleaves multiple C3 molecules resulting in covalent binding of numerous C3b fragments on distinct neighboring sites. C5 cleavage results in formation of C5b that hydrophobically binds to the membrane and through association with C6, C7, C8, and C9, the multimolecular C5b-9 protein complex forms a pore in the lipid membrane. In addition to the enzymatic amplification, the C3b generated in any of the pathways forms an amplification loop for alternative pathway because anytime C3b is generated it initiates further activation of the alternative pathway. Convertase cleavage of C3 or C5 also produces the anaphylatoxins, C3a and C5a, which bind to G-protein coupled C3aR and C5aR1 or C5aR2, respectively, resulting in a pro-inflammatory response (smooth muscle contraction, cytokine release, increased vascular permeability, neutrophil stimulation, etc.).
Recently, intracellular complement activation ( Fig. 1 ) and formation of the "complosome" has been described [13••] . Within this pathway, cytoplasmic cathepsin L cleaves C3 and/or C5. The resultant C3a or C5a binds to receptors on lysosomes [13••] or other cytoplasmic organelle membranes [14, 15] . Additionally, the intracellularly produced C3a or C5a may be transported across the membrane for autocrine binding of the appropriate receptors. This unique pathway plays a significant role in T cell development. Engagement of the specific antigen receptor on T cells induces C3a and C5a production, release from the cell, and autocrine binding to receptors. Binding to the C3aR or C5aR1 receptor activates mechanistic target of rapamycin (mTOR) and inhibits T cell apoptosis [16, 17] . The intracellular production also extends to monocyte/macrophages [18] suggesting that multiple immune cell types activate complement intracellularly. Based on recent studies, this pathway now appears to function in epithelial, endothelial, and fibroblast cells as well [13••, 19•] .
Complement Regulation
Tight complement regulation is required to prevent attack on the woman's own tissues as well as those of the fetus. Complement regulators include both soluble and membrane-bound molecules which may inhibit complement activation, alter C3 stability, prevent membrane attack complex formation, or degrade C3a and C5a. Complement activation is regulated by a lack of initiation factors (antibodies, mannose, or other lectins), short half-lives of convertases, and specific complement regulatory molecules. The C3b to form C3bBb. Both C3 convertases cleave C3 to form C3b and release anaphylatoxin C3a. C3b may also initiate the alternative pathway leading to amplification of the complement response (dashed line). C3b is added to each convertase forming the C5 convertase. C5 convertases cleave C5 to C5b to initiate the common terminal pathway resulting in C5b-9 assembling as the membrane attack complex pore in the cell surface and resultant cell lysis. The intracellular pathway includes cathepsin cleavage of C3 or C5 allowing C3a or C5a, respectively, to bind appropriate receptors either on intracellular or extracellular membranes. Regulators indicated in red include classical initiation inhibitors, C1INH which inhibits the formation of both C1q/r/s and MBL/MASP-1/-2, and the C4b binding protein (C4BP) which inhibits C4 cleavage. The classical C3 convertase is inhibited by multiple proteins including CD55 (decay accelerating factor, DAF), CD46 (membrane cofactor protein, MCP), CR1 (Complement receptor 1), and Crry (Complement receptor 1 related protein Y, rodents only). The alternative C3 convertase inhibitors include Factor H, CD55, CR1, and Crry. CD46, Factor H, CR1, and CRRY induce Factor I activity to degrade C3b and C4b. CD59 (protectin) inhibits C5b-9 formation. Therapeutic compounds used in either animal or human studies are indicated in red boxes. These agents inhibit C3 convertase activity (sCR1, Crry), bind C5 (eculizumab or anti-C5), or antagonize the C3aR or C5aR1 (C3aRa or C5aRa) serine protease inhibitor, C1-INH ( Fig. 1 ) specifically inhibits classical and lectin complement pathway initiation by preventing C1r, C1s, and MASP activation. With C3 as a central protein in three complement initiation pathways, multiple inhibitors target the convertases. C4BP (C4b binding protein) inhibits the classical and lectin C3 convertase (C4bC2a), while Factor H degrades the alternative pathway C3 convertase (C3bBb). CD55 and CR1, as well as the rodent specific Crry (complement receptor 1-related protein y), inhibit complement activation of all pathways by binding C3b and promoting its degradation. C3b or C4b binding to Factor H, C4BP, CD46, and CR1 enhances Factor I degradation of C3b/C4b. Finally, membrane-bound CD59 prevents C9 insertion and formation of the membrane attack complex. Cleavage of anaphylatoxins by carboxypeptidases quickly results in formation of C3a-desArg and C5a-desArg. C3a-desArg and C5a-desArg have reduced affinity for the C3aR and C5aR1 whereas C5a-desArg has increased affinity for the C5aR2.
The presence of membrane-bound complement regulators including complement receptor 1 (CR1), CR2, and CR3 bind C3b and subsequent degradation products (iC3b or C3d or C3dg) to induce phagocytosis and decrease C3b availability. Additionally, C3b binding of CR1 increases Factor I mediated decay of the C3 convertase, thus limiting C3b availability for continuing complement activation and the resultant inflammation. C3b degradation products binding to CR2 increase antibody production by B cells while binding to CR3 increases inflammation with IL-12 production.
Complement in Homeostasis and Pregnancy
Although complement is traditionally and evolutionarily known as part of host defense, complement also maintains homeostasis. It participates in removing apoptotic cells and in neurodevelopment. C1q and MBL recognize and opsonize apoptotic cells for removal. C1q is required for pruning weak synapses in development and disease (reviewed in [20, 21] ), while C3 binding to CR3 on microglia induces phagocytosis similar to its actions outside the central nervous system [22, 23] . A recent study demonstrated that microglia produce the majority of C1q for opsonization [22] . The brain itself secretes complement components which are critical to proper neurodevelopment. The lectin pathway by elaboration of C3a and C5a is very important in proper neuronal migration in the developing cortex [24] .
Regulatory T cells maintain fetal tolerance during pregnancy [25, 26] and local and intracellular complement activation controls T cell development. Importantly, a decrease in regulatory T cells is associated with preeclampsia [27] , as is intracellular activation of the inflammasome [28, 29] . FoxP3+ regulatory T cells develop in the absence of C5aR1 activation [30] . However, stimulation of C5aR1 signals the NLRP3 inflammasome to induce proinflammatory T cells [15] while C5a-desArg binding C5aR2 results in anti-inflammatory T cells [31] . Thus, intracellular production of C5a during pregnancy may result in decreased regulatory T cells and increased inflammatory T cells which are not tolerant of the fetus.
Complement Crosstalk to Coagulation
The coagulation cascade is another ancient serine-protease cascade which has long been known to activate complement at a low level. For example, Factor XII (Hageman factor) activates the C1 complex [32] while thrombin directly cleaves complement C3 and C5 to generate C3a and C5a without convertase formation [33] . Platelets express most complement regulatory components and more recent studies demonstrate that complement may activate the coagulation cascade as well. Specifically, complement MASP-2 activates prothrombin to create thrombin [34] and C5a binding of C5aR1 activates tissue factor and the extrinsic coagulation pathway [35] . In pregnancy, placental development requires tissue factor while formation of pseudoendothelial cells within the placenta inhibits thrombin activation [36, 37] . Endothelial cells express high levels of von Willebrand factor which binds either inactive Factor VIII or Factor H. Cleavage of Factor VIII or Factor H from von Willebrand factor increases coagulation or inhibits complement activation, respectively, resulting in increased platelet adhesion to endothelial cells [38] . Together, appropriate bi-directional crosstalk between coagulation and complement are required for a successful pregnancy. This also indicates that manipulation of the complement system may have unintended effects on the coagulation cascade.
The Complement System in Stage 1 of Placental Preeclampsia
In pregnancy, numerous events occur to insure the development of a normal placenta to nourish the developing fetus. If placentation is defective, the resultant ischemia can lead to the clinical signs of preeclampsia in stage 2. The importance of complement in the development of a normal functioning placenta has been informed both by studies in human as well as with animal models.
Evidence from Human Studies
Human data suggest that complement gene abnormalities and/ or increased complement activation in early pregnancy, predispose to the development of preeclampsia. Lokki et al. performed a genetic case-control study and discovered three SNPs within the C3 gene that were associated with severe preeclampsia [39••] . These SNPs characterized a 16 nucleotide haplotype signature, in the highly conserved middle region of the maternal C3 gene, that could influence susceptibility to the disease. Salmon et al. identified gene mutations in complement regulatory proteins (CD46, Factor I, Factor H) in women with preeclampsia or HELLP syndrome [40•] . Among women who developed preeclampsia, heterozygous gene mutations were identified in 18% of patients with autoimmune disease and 8.5% of patients without autoimmune disease. Five patients had risk variants in CD46 or Factor I that were previously identified in atypical hemolytic uremic syndrome. Fang also identified a CD46 variant (A304V) that was common to a patient with HELLP syndrome, atypical hemolytic uremic syndrome (aHUS), and shiga-toxin E. coli HUS, suggesting similar pathogenic mechanisms of disease [41] .
In early pregnancy, before preeclamptic symptoms are evident and independent of complement gene mutation status, Lynch et al. found that women with increased alternative complement pathway activation are more likely to develop preeclampsia [42] . Women with Bb levels at the top decile (≥ 90th percentile) before 20-week gestation were 3.8× more likely to develop preeclampsia. In a separate study, this same group found that women with adverse pregnancy outcomes had higher levels of plasma C3a in early pregnancy [43] . The association between C3a and adverse outcomes was primarily driven by hypertensive disease, preterm birth, and premature rupture of the membranes. The presence of obesity appeared to amplify these risks, and those at the top quartile for C3a or Bb were 8-10× more likely to develop preeclampsia [44] . The authors postulate that complement-mediated inflammatory events in early pregnancy contribute to the subsequent development of poor outcomes at later stages in pregnancy.
Evidence from Animal Studies (Stage 1 Placental Dysfunction with Stage 2 Maternal Symptoms)
Recent reviews have outlined animal models of pregnancyassociated hypertension [45, 46] . The genetic animal models that address the role of the complement system in the initial stages of preeclampsia leading to defective placentation will be reviewed here ( Table 1) . Some of these genetic models also address stage 2 of preeclampsia and the role of complement in the maternal endpoints in the second half of gestation will also be discussed as appropriate. Animal studies reviewed here have used rats or mice as the model and variably refer to development as gestational day (GD), based on the time period post coitus, or as embryonic day (E) based on the embryo characteristics. GD and E become interchangeable as the term of the pregnancy is approached.
What constitutes a good animal model of preeclampsia? For studying stage 1, aberrant placental development is a key component and often leads to partial fetal loss and intrauterine growth restriction early in pregnancy with hypertension and/ or proteinuria evident in the latter half of pregnancy. We will emphasize studies where hypertension and proteinuria occur, but also consider complement involvement when abnormal placental development results in partial fetal loss and growth restriction in the absence of hypertension. Attenuating hypertension does not necessarily protect from intrauterine growth restriction, suggesting different mechanistic pathways likely lead to distinct clinical signs of preeclampsia. The complement system may be preferentially involved in one mechanistic pathway but not the other.
Genetic Animal Models
BPH/5 Mouse Preeclampsia Model The BPH/5 mouse strain is the first animal model described to spontaneously develop preeclamptic symptoms [47] . This mouse is mildly hypertensive prior to pregnancy so it is most precisely described as a model of superimposed preeclampsia. Defective implantation leads to abnormal placentation and partial fetal loss early in pregnancy [47, 48, 49•] . As the pregnancy continues, onset of hypertension and proteinuria are evident at the beginning of the last trimester (Table 1) . Litters are small and surviving pups are growth restricted. Gelber [49•] hypothesized that neutrophil accumulation subsequent to complement activation was responsible for the defective placentation and fetal demise, and ultimately the hypertension and proteinuria. Significant C3 deposition was noted at embryonic (E)6.5 and neutrophil accumulation developed at E8.5, consistent with the hypothesized sequence of events. Placental mass decreased and placental morphology at E10.5-12.5 [48, 49•] showed decreased trophoblast invasion into the decidua and decrease in the area of the junctional zone suggesting impaired trophoblast invasion of blood vessels and interstitially. Blood vessels in the decidual wall had narrowed lumens and thick walls, and the fetal labyrinth area had reduced endothelial cell branching. Pregnant BPH/5 mice were treated with complement inhibitors at E5.5 and outcomes measured at E12.5. Inhibition of complement activation prevented neutrophil infiltration and fetal loss and normalized placental VEGF concentrations, coincident with normalizing the junctional zone and the spiral arteries to normal low resistance vessels in the placenta [49•] . Continued studies by this group evaluated the transcriptome at E7.5 implantation sites and E10.5 placenta demonstrating significant upregulation of C3 gene expression and reinforcing the importance of the complement system in the placental pathology [50] . The most recent study from this group [51] characterized the metabolic phenotype of offspring of the BPH/5 mouse and demonstrated the long-term consequences that accompany the adverse complement activation early in pregnancy.
In the BPH model, complement activation was inhibited using fusion proteins of the complement regulators, Crry or Factor H, with the endogenous complement receptor 2 (CR2) [49• ]. CR2 will bind to C3 degradation products at sites of complement activation allowing the complement regulator Crry (CR2-Crry) or Factor H (CR2-FH) to provide extra local control of activation at the site. This strategy targets inhibition to the site of activation. CR2-Crry will inhibit all three pathways of complement activation in the rodent, and CR2-FH only inhibits activation via the alternative pathway. Thus, these studies indicate that alternative pathway activation is the critical pathway resulting in defects in placental development. A key unanswered question is what initiates or causes amplification of the alternative pathway of complement activation resulting in low birth weight, fetal demise, and angiogenic imbalance. In addition, it is not known whether normalizing placental development by inhibiting complement activation will mitigate the hypertension and proteinuria reported in this model, as well as later metabolic effects in the offspring.
C1q-Deficient Mouse C1q is constitutively expressed by decidual endothelial and extravillous trophoblasts isolated from human placenta [52] [53] [54] . This is in contrast to endothelial cells from other sources where C1q expression is not evident. In first trimester human placenta, C1q is localized to decidual endothelial cells, primarily at contact sites between decidual endothelial cells and trophoblasts [53] . This formation of a molecular bridge between cells to favor vascular remodeling and trophoblast migration involves both C1q receptors and integrin binding [52] and does not appear to involve activation of the classical complement pathway since no evidence of immunoglobulin or C4 deposition was evident [53] . Thus, these authors hypothesized that abnormal placentation would be evident in a C1q-deficient mouse. The pregnant C1q-deficient mouse mimicked much of the pathophysiology of preeclampsia with abnormal placentation, reduced litter size, reduced fetal weight, increased blood pressure, endothelial dysfunction, and proteinuria [52, 55•] . Fetal weight at GD15 was less than control [52] and more fetal resorptions were noted. Defective placental development was noted at GD10.5 with impaired labyrinth development and less vascular remodeling. Thus, in the absence of C1q in the mouse, abnormal placental development, fetal demise and growth restriction occurs with hypertension and proteinuria. This is consistent with the report of reduced C1q mRNA expression [56] and reduced C1q by immunohistochemistry [57] in placental tissue obtained from preeclamptic patients compared to normal pregnancy. MBL is also increased in women with preeclampsia compared to normal pregnancy [58] . MBL, an initiating factor for the lectin pathway of complement activation, is reported to interfere with the bridging ability of C1q [59] . Collectively, these data suggest that the presence of C1q is important in the development of a normal placenta, irrespective of its role in initiation of the classical complement pathway. This is in contrast to the BPH/5 mouse where excessive 
CBA/J X DBA/2 Mouse Abortion/Preeclampsia Model
The CBA/J X DBA/2 mouse model was developed as an immunologically mediated, antibody-independent miscarriage model with significant fetal resorption. The fetuses that survive are growth restricted [60] . Girardi has accumulated strong evidence that the fetal rejection and growth restriction are due to complement activation increasing sFlt-1 to impair angiogenesis and resulting in abnormal placental development. Inhibiting complement activation with anti-C5 antibody or a C5a receptor antagonist rescued fetal rejection and growth restriction. In continued studies, they documented proteinuria in the second half of pregnancy, but no hypertension. Using CR2-Crry to inhibit complement activation prevented the proteinuria [61] . The disadvantage of this model is the absence of any hypertension despite the abnormal placental development and complement activation. Thus, its usefulness as a model of preeclampsia is limited. More recent studies in this model demonstrated that MBL and C1q deposition were evident at GD3.5 and C3 at GD6.5 indicating that complement activation occurred early in the implantation phase [62] , similar to the BPH/5 mouse. If lectin pathway activation was controlled using either a molecule that binds MBL with high affinity (Polyman 2), MBL-A-deficient mice, or anti-C5 antibody, fetal loss was prevented, consistent with an important role for lectin pathway activation in fetal loss. The effect on intrauterine growth restriction and proteinuria was not reported so the importance of the lectin pathway in these features of preeclampsia is unknown. Establishing a functional uteroplacental circulation is a very complex process [63] and maternal hypertension and fetal demise may result from defects in distinct steps of the process. Sorting this out will be important in ultimately predicting and preventing preeclampsia.
Dahl SS Rat-a Model of Superimposed Preeclampsia
Recently, Gillis et al. [64] and Takashima [65] described the pregnant Dahl salt-sensitive rat as a spontaneous model of superimposed preeclampsia. Certainly, the non-pregnant Dahl SS rat is hypertensive, and feeding a high salt diet initiates a sequence of events leading to severe hypertension, lymphocyte infiltration into the kidney and proteinuria [66] . Takushima demonstrated that pregnant Dahl SS rats fed a high salt diet exhibited hypertension, fetal growth restriction, and blood vessels in the decidua with thickened walls, i.e., superimposed preeclampsia. Normally in pregnancy, blood pressure decreases and kidney dysfunction is not apparent. Gillis demonstrated that even in the absence of high salt, pregnancy in the Dahl SS rat results in a significant increase in blood pressure and proteinuria compared to a normal pregnancy. In the pregnant Dahl SS rat, decreased uteroplacental blood flow occurs as measured by the uterine artery resistance index, and the rats have smaller litters, more fetal resorptions, and decreased fetal weights compared to a control Sprague Dawley rat. Placental morphology was not examined in this model. Continued studies are evaluating the transcriptome of the placenta and show clear changes in the complement system in the pregnant Dahl SS rat compared to the pregnant Sprague Dawley rat [67] . Thus, further study regarding a role for complement system in this model is warranted.
The Complement System in Stage 2 of Preeclampsia
In stage 2 of preeclampsia, studies are aimed at defining strategies to manage the clinical maternal syndrome rather than prevent the placental defects.
Evidence from Human Studies
Pregnancy is recognized as a complement amplifying condition, in light of increased complement activation in normal pregnancy [68] . In late pregnancy, studies have demonstrated increased complement activation in preeclampsia compared to normal pregnancy [69] . In 2014, using immunohistochemistry, Lokki examined differences in expression of a large panel of complement proteins and regulators in placenta of normal vs preeclamptic pregnancies [57] . C4 deficiencies were found twice as often in preeclampsia compared to normal pregnancies, though their sample size was limited. Overall, their study was consistent with preeclampsia being associated with complement dysregulation in the placenta. In severe preeclampsia, C5a and soluble C5b-9 are most specifically elevated suggesting that activation of the terminal pathway is a critical feature of severe disease [70] . Urinary C5b-9 may be most useful as a biomarker of terminal complement activation that differentiates preeclampsia from other hypertensive disorders [70, 71•, 72] . The critical role of terminal pathway activation in preeclampsia is supported by a human case in which eculizumab, an inhibitory monoclonal antibody against C5 (Fig. 1) , was utilized successfully as a temporizing treatment for severe preeclampsia and HELLP syndrome [73••] . In this case, reduction of soluble C5b-9 in plasma and urine correlated with clinical improvement, and resolution of hemolysis, thrombocytopenia and liver inflammation [74] along with a prolonged pregnancy. Clinical data from paroxysmal nocturnal hemoglobinuria (PNH) and aHUS have been used to strengthen the case for complement activation and the value of complement blockade in preeclampsia and HELLP syndrome. PNH red cells are deficient in glycosylphosphatidylinositol (GPI) proteins CD55 and CD59 and are thus prone to complementmediated lysis. Notably, in ex vivo experiments, when the serum of women with HELLP syndrome and severe preeclampsia are mixed with cells lacking the GPI-anchored proteins CD55 and CD59, increased killing activity is seen compared to serum from healthy controls [75••] . The magnitude of this cell killing activity is similar to the effect seen with aHUS serum, which is widely accepted as a complement-mediated disorder [76] . Ex vivo, eculizumab reduces the killing effect on cells lacking the GPI proteins when serum from subjects with aHUS, HELLP, and preeclampsia is used. These experiments support the concept that complement activation is increased in preeclampsia and HELLP syndrome, in a manner similar to aHUS.
The safety of targeting C5 blockade in human preeclampsia is supported by the use of eculizumab in pregnant women with PNH [77• ]. An increasing number of reports also describe eculizumab treatment for pregnancy-associated aHUS before delivery [78] [79] [80] . Eculizumab treatment during pregnancy also does not appear to affect the complement system activity of the newborn [81] . Caution regarding complement blockade during pregnancy is warranted because eculizumab and/or eculizumab-C5 complexes appear to cross the placenta and long-term effects are unknown [81, 82] . Furthermore, generation of C5a by extrinsic factors such as thrombin [33] or intracellular activation of C3 and C5 may continue despite C5 blockade with eculizumab, and complete C5a blockade may require targeted inhibition [74, 83] .
Evidence from Animal Models
Animal models for stage 2 are based on surgical interventions to cause placental ischemia or pharmacological treatments that induce preeclamptic-like symptoms. Numerous studies have modeled antiphospholipid syndrome [84] , but this specific adverse pregnancy condition, oftentimes with preeclampsia, is beyond the scope of this review. The role of the complement system has been investigated in primarily two models of stage 2 preeclampsia.
Surgical Induction of Placental Ischemia
The concept that complement activation may cause the clinical symptoms of preeclampsia follows from the extensive literature demonstrating complement system activation in multiple forms of ischemia reperfusion injury. We used the established reduced uteroplacental perfusion pressure (RUPP) model of placental ischemia induced hypertension in the rat and took advantage of sCR1, a soluble version of the endogenous complement regulator CR1. sCR1 effectively prevents complement activation at the C3 convertase by binding to C3b and C4b. sCR1 has been successfully used in numerous rat models to test the hypothesis that complement activation was important in the pathophysiology [85, 86] . We demonstrated increased complement activation in the rat following placental ischemia, both systemically as measured by increased C3a in the circulation, as well as locally with increased C3 deposition in the placenta [87] . sCR1 treatment successfully attenuated placental ischemiainduced hypertension in the rat [88•] . This was the first study to demonstrate a connection between complement activation and hypertension in late pregnancy. Since C3a and C5a anaphylatoxins have long been known to have vasoactive properties, the effect of small molecule antagonists of the C3a and C5a receptors were used to determine the important products of complement activation. Both the C3a and C5a receptor antagonists attenuated placental ischemia-induced hypertension [89] . However, they differentially affected the increased heart rate and endothelial dysfunction indicating mechanistic differences in their ability to attenuate the hypertension. In addition, strong conclusions regarding the involvement of C3a need to be tempered by the partial agonist activity of the C3a receptor antagonist we and others [90] have used in preeclampsia models. Besides partial agonist activity, the C3a antagonist SB290157 has action on neutrophils, limiting the strength of the conclusion that C3a is an important mediator of placental ischemiainduced hypertension [91] . Our continued studies have demonstrated that depletion of neutrophils in the rat attenuates placental ischemia-induced hypertension [92] , but whether this is due to a complement effect on neutrophils has not been defined.
Given the literature indicating that agonistic IgG autoantibodies to angiotensin II type 1 receptor (AT1-AA) are important in pathophysiology of preeclampsia and specifically placental ischemia induced hypertension in the rat [93] , we speculated that autoantibody interaction with the receptor could be the stimulus following placental ischemia that activates complement to cause preeclampsia symptoms. Since the angiotensin antagonist losartan prevents interaction of the autoantibody with the angiotensin receptor, we reasoned that complement activation would be inhibited if this was the critical factor for complement activation following ischemia. However, losartan did not prevent complement activation [87] , though it attenuated placental ischemia-induced hypertension. These data indicate that AT1-AA is not responsible for complement activation following placental ischemia in the rat.
Increased complement activation following placental ischemia could be due to either increased initiation and activation of the complement pathways and/or a decrease in the capacity of the endogenous regulatory molecules to control the activation. The fetus is normally protected from maternal innate immune complement activation by expression of complement regulatory proteins on trophoblasts [94] . Excessive complement activation may overcome the ability of endogenous regulatory proteins to protect. Exactly how complement is being activated following placental ischemia has not been determined. Complement regulators Crry, CD55, and CD59 change slightly in the rat placenta following ischemia [87] . Our most recent studies indicate that the vasoactive agent endothelin in fact is involved in maintaining normal levels of complement regulators in the placenta during pregnancy, perhaps to limit excessive complement activation that is potentially harmful [95] .
A mouse model of placental ischemia-induced hypertension has been recently described [96, 97] . Both mouse and rat have a hemochorial placenta resembling humans. The depth of decidualization during pregnancy in the rat is more similar to the human than is the mouse [98] . However, the availability of genetically modified mouse strains is more advanced than in the rat, so use of this mouse model has great potential for further definition of a role for complement following placental ischemia.
Pharmacological Induction of Preeclamptic Symptoms
Numerous mediator systems are set into motion following placental ischemia including AT1-AA, arginine vasopressin, TNF, angiogenic factors, and endothelin. Various laboratories have used infusions to induce preeclamptic symptoms. The limitation of this approach is the presumption that the substance infused is the key element for causing preeclampsia symptoms. Wang reasoned that interaction of AT1-AA with the receptor would be sufficient to induce complement activation and the symptoms of preeclampsia [90] . In a mouse, they infused AT1-AA on GD13 and GD14 and demonstrated enhanced complement activation in placenta and kidney with placental damage and preeclampsia symptoms. The C3a receptor antagonist SB290157 prevented the increase in blood pressure, proteinuria, fetal growth restriction, and increase in sFlt-1 suggesting an important role for this complement anaphylatoxin in the preeclamptic symptoms and in the angiogenic imbalance. Again, these studies are limited by the specificity of the C3a receptor antagonist so conclusions regarding the importance of C3a need to be tempered.
Conclusions
Many advances have been made in our understanding of preeclampsia, yet effective options for prevention and treatment of preeclampsia remain elusive. We now recognize that the consequences of preeclampsia are longer lasting than the immediate pregnancy for both mother and offspring. Evidence gathered in humans and animal models indicate that the innate immune complement system is a potentially effective therapeutic target. The literature describes a variety of roles for complement in the development of placental dysfunction; normal C1q is important for adequate placental perfusion, and excessive complement activation is involved in dysregulation of normal placental development. A paucity of information is available regarding what instigates excessive complement activation. Once maternal symptoms are evident, attenuating excessive complement activation is potentially an effective way to prolong the pregnancy, but caution is warranted given the fulminant and unpredictable nature of preeclampsia. Those targeting complement inhibition as a therapeutic strategy should take into account the other mechanisms whereby C3 and C5 can be generated; either intracellularly or by direct cleavage without pathway activation. Thus, the challenges remain in terms of selectively impacting complement activation locally without compromising maternal safety and without unintended consequences for host defense or disrupting homeostatic functions of the complement system.
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